Pediatric sepsis and septic shock affects approximately 30% of children admitted to the pediatric intensive care unit (PICU) and carries with it a 25% mortality rate, a median hospital cost per patient of $65,624 (interquartile range [IQR], $27, 624), and an increasing prevalence. 1,2 From birth through childhood, many developmental changes naturally occur that
Introduction
critically ill patients can often have sepsis-induced decreases or increases in cardiac output, which can result in hypoperfusion or hyperperfusion of the kidneys and alterations in drug clearance. 12, 14 Consequently, appropriate antibiotic treatment is a keystone in the management of critically ill children.
Meropenem is a carbapenem, commonly used in pediatric critical care because of its broad antimicrobial spectrum and favorable safety profile. 15 The standard dosage regimen for meropenem ranges from 20 to 40 mg/kg per dose every 8 hours infused during 30 minutes, which has been suggested to achieve the PD target of 40% free time above the minimum inhibitory concentration (40% fT > MIC) in clinically stable children. 16 However, this dosage regimen, in addition to standard doses of other β-lactams, has been shown to be suboptimal in critically ill children in certain scenarios, such as severe sepsis and shock, burns, and when extracorporeal therapies are employed. [5] [6] [7] 9, 17 Therefore, the aim of this study was to assess the population PK and PD target attainment of meropenem in children admitted to the PICU who underwent routine therapeutic drug monitoring of meropenem for dosage optimization.
Materials and Methods
Patient Population and Study Design. St Christopher's Hospital for Children is a 189-bed, freestanding children's tertiary care teaching hospital in Philadelphia, Pennsylvania. The PICU consists of 33 critical care beds and provides care for children with burns, trauma, or congenital heart disease, and children on extracorporeal membrane oxygenation (ECMO) and continuous renal replacement therapy (CRRT). This study protocol was approved by the Drexel University College of Medicine Institutional Review Board, and the need for informed consent and assent was waived because meropenem therapeutic drug monitoring was part of our local standard of care. Patients admitted to the PICU who received meropenem for empiric or definitive therapy with an expected duration of ≥48 hours, were between 1 and 9 years of age, and met pediatric systemic inflammatory response syndrome (SIRS)/ sepsis criteria were eligible for inclusion. 18 Patients who had cystic fibrosis, who had acute or chronic renal failure with an estimated creatinine clearance <50 mL/ min/1.73 m 2 , or who were receiving ECMO or CRRT were excluded from this PK analysis. Patients receiving other antibiotics, except aminoglycosides, were excluded because of assay interference.
A total of 1 to 2 blood samples per child were collected, and the samples were obtained, when possible, after a dose that permitted collection of each sample in succession as dictated by clinical care. For standard 30-minute infusion regimens, the first blood sample was typically obtained within 20 minutes from the end of the infusion but could be obtained up to 2 hours from the end of the infusion, and the subsequent blood sample(s) were obtained a minimum of 1 hour after the first sample collection. For prolonged (i.e., 3-to 4-hour infusions) or 24-hour continuous infusion regimens, blood samples were obtained at the end of an infusion and again 1 hour from the end of the infusion. Serum samples for meropenem were subsequently sent to the lab for immediate processing and concentration determination.
Meropenem Concentration Determination. Concentrations for the meropenem in serum were determined by bioassay and liquid chromatography-tandem mass spectrometry. For September 2009-September 2014, bioassay was the methodology used for meropenem concentration determination. The bioassays were performed at ARUP Laboratories (Salt Lake City, Utah). The reference organism that was used for the meropenem bioassay was Clostridium perfringens American Type Culture Collection 13,124. The standard curve for the meropenem bioassay ranged from 5 to 40 mg/L, with an interday assay variability that was less than 15% across all reference samples (linearity and correlation coefficients not provided by reference laboratory (personal communication with authors JC and AE). If samples were below the lower limit of determination on the standard curve, the reference laboratory reported a value of "undetectable," so these values were not available for use during population modeling. For patients who were receiving concomitant aminoglycoside therapy, samples were mixed with a cellulose phosphate-binding agent to inactivate the aminoglycoside and prevent any interference with the reference organism (ARUP laboratories policy and procedure number ANTI545). From September 2014 through December 31, 2015, meropenem concentrations were determined by liquid chromatography-tandem mass spectrometry at Atlantic Diagnostic Laboratories (Bensalem, Pennsylvania). This method was accurate and precise at a linearity range of 0.5 to 500 mg/L with a correlation coefficient of ≥0.99. The interday assay variability was less than 15% across all reference samples between 1 and 100 mg/L. In the event samples were outside the upper limit of determination on the standard curve, a 1:2 or 1:10 dilution was made until the sample was within the standard curve. If samples were below the lower limit of quantitation on the standard curve, the reference laboratory reported a value of "less than 0.5 mg/L."
Population PK. Meropenem concentrations were modeled using Pmetrics, a non-parametric pharmacometric modeling and simulation package for R. 19 One-and two-compartment models with zero order input and first-order elimination were evaluated as the base structural model. Models were differentiated using Akaike Information Criterion (AIC), the likelihood ratio test, and visual predictive checks of the observed versus predicted concentration plots. 20 Weighting was conducted using the inverse of the assay SD squared. The final equation for weighting was SD = g *[0.1182 + (0.0179*C)], where C is the meropenem concentration and g is gamma, a multiplicative measure of all intraindividual variability other than the assay. The mean weighted error of predicted versus observed concentrations was used as the estimate of bias. The bias-adjusted mean weighted squared error was used for an estimate of precision.
After identifying a base structural model, covariate analysis was performed using linear regression (SPSS version 22, SPSS Inc, Chicago, Illinois) to determine a relationship between body weight, age, and estimated creatinine clearance and PK parameters. Significant covariates were then reentered into the model using AIC, the likelihood ratio test (change in −2 * loglikelihood of greater than 6.64 [(p < 0.01 with 1 degree of freedom]), and visual predictive checks to reassess for model improvement. Linear and allometric scaling techniques were also conducted again using AIC, the likelihood ratio test, and visual predictive check to reassess for model improvement. 21, 22 Secondary PK parameters were calculated from the primary parameters for comparison with other studies. Half-life (t ½ ) was calculated as 0.693/beta, where beta is the root of the quadratic polynomial. 23 Volume of the peripheral compartment (Vp) was calculated as (Vc*k cp )/k pc , where Vc is the volume of the central compartment and k cp and k pc are intercompartment transfer constants for that patient. Total Vd was calculated as the sum of Vc and Vp. Serum creatinine values were determined using an enzymatic colorimetric creatinine methodology that is standardized against IDMS using a Roche 800 Integra instrument. This method of serum creatinine determination was the same during the entire study period. Creatinine clearance (as defined by the estimated glomerular filtration rate) was calculated using the updated Schwartz equation. 24 Monte Carlo Simulation. Monte Carlo simulation was conducted to determine the probability of target attainment (PTA) in 5000 simulated children aged 1 to 9 years with estimated creatinine clearances of 100 to 220 mL/min/1.73 m 2 , and with a weight range of 7 to 40 kg as was seen in this population. Pharmacokinetic parameter estimates were simulated from the mean and SD estimates of the population model and employing the resulting covariance matrix. All PK parameter estimates were simulated as log-Gaussian distributions. An unbound fraction of 0.98 was applied during simulation to determine the fT > MIC exposure for meropenem. 15 Simulated meropenem dosage regimens included 20 mg/kg every 8 hours as a 0.5-hour and 4-hour infusion, 30 mg/kg every 8 hours as a 0.5-and 4-hour infusion, 40 mg/kg every 8 hours as a 0.5-and 4-hour infusion, 20 mg/kg every 6 hours as a 0.5-and 3-hour infusion, 30 mg/kg every 6 hours as a 0.5-and 3-hour infusion, and 40 mg/kg every 6 hours as a 0.5-and 3-hour infusion, in addition to 60, 90, 120, and 160 mg/ kg every 24 hours as a continuous infusion. The % fT > MIC for meropenem was calculated for the range of MICs from 0.03 to 32 mg/L. A PD target of ≥40% fT > MIC was defined as the primary exposure threshold. 16 Additionally, a fT > MIC target of 80% was included as a secondary PD threshold, given the impairment and/ or absence of neutrophils in a PICU population and the risk for infection with organisms in which meropenem has little postantibiotic effect. 25, 26 An a priori PTA ≥90% was defined as optimal.
Results
Patients. From January 1, 2009, to December 31, 2015, there were 9 patients who met the inclusion/ exclusion criteria and were included in this analysis. Baseline demographics and dosage regimen details are presented in Table 1 . There was a total of 16 meropenem concentrations (median of 2 samples per patient; range, 1-2) obtained. Of the 16 meropenem concentrations, none were below the lower limit of detection; therefore, all were included in the analysis. Therefore, 16 concentrations contributed toward development of the PK model. The 16 concentrations that were included in the analysis were spread across the dosage interval as follows: 0 to 1 hour from the end of infusion (n = 3), 1 to 2 hours (n = 2), 2 to 3 hours (n = 4), 3 to 4 hours (n = 3), and >4 hours (n = 4).
Population PK. Meropenem concentrations were best described by a 2-compartment model with firstorder elimination as demonstrated by an AIC of −54.2 and log likelihood ratio of −69.68 versus an AIC of 71.6 and log likelihood ratio of 63.75 for the comparison between a 1-compartment and 2-compartment model, respectively, p-value < 0.01. A statistically significant relationship was not identified between body weight, age, or calculated creatinine clearance with the Vc or CL during the linear regression analyses, and the simple 2-compartment base model was demonstrated to be the superior model. The individual patient and population PK parameter estimates are presented in Tables 2  and 3 , respectively. The mean total body CL (mL/min/kg) for the population was 6.99 ± 2.5 mL/min/kg and V c (L/ kg) was 0.57 ± 0.47 L/kg. The observed versus population predicted concentrations are provided in Figure 1 . The R 2 and bias were 0.91 and 13.1 mg/L, respectively, which are reasonable for population predictions. The observed versus individual predicted concentrations are provided in Figure 2 . The R 2 , bias, and imprecision were 1, 0.0675, and 1 mg/L, respectively. The calculated population estimate for the mean total Vd was 0.78 ± 0.73 L/kg.
Monte Carlo Simulations. Tables 4 and 5 display the PTAs for all simulated dosage regimens using 40% fT > MIC and 80% fT > MIC PD thresholds, respectively.
Discussion
Selection of an optimal dosage regimen in critically ill children is complicated by the lack of PK studies in this population and the different dosage recommendations available for meropenem, which appear to be weight based and dependent on age and type/severity of infection. [27] [28] [29] Herein, we present PK for meropenem in critically ill young children and suggest dosage regimens based on contemporary PD concepts.
The PK of meropenem described in these 9 critically ill children differs from the PK data previously published. 30, 31 The population from the Blumer et al 30 study was in generally good condition, the participants were clinically stable, and the participants either had completed a minimum of 2 days of conventional therapy for a specific bacterial infection or were receiving intravenous prophylactic antibiotics at ages 2 months to 12 years, whereas the Du et al 31 32 concluded the Vd, clearance, and distributional clearance were markedly different in the younger (age <2 years) and lighter (<10 kg) patients. Interestingly, the clearance (~3 mL/min/kg) and Vd (~0.2 L/kg) estimates were even more significantly different than found in this investigation when stratified according to age and weight. Again, these patients were in generally good condition and were clinically stable; therefore, the stark contrast in the PK parameters between the 2 populations is not that surprising. More recently, Kongthavonsakul et al 33 published a PK analysis of 14 children with severe infection, predominantly consisting of an oncology population with fever and neutropenia. The mean age was 7.1 ± 2.4 years, and the authors observed a mean clearance estimate of 5.4 mL/min/kg, which is faster than that reported in the package insert with a similar Vd estimate. 15 We previously described the PK changes of piperacillin in a pediatric population with fever and neutropenia compared with a PICU population and similarly found the ICU population had more dramatic PK alterations. 9, 34 Our data suggest a larger meropenem Vd and faster CL than previously reported. As has been observed with other β-lactams, the larger Vd estimate for meropenem in our critically ill population was most likely primarily due to the underlying SIRS/sepsis pathophysiology and disease state, with good creatinine clearance estimates. 9 β-Lactam antimicrobials display time-dependent killing. As such, the PD parameter associated with success for β-lactams is the time that free drug concentrations remain above the MIC (% fT > MIC). 25 Therefore, drug CL is usually Table 1 . the most critical PK parameter to affect exposure, even though in this population the PK and PD changes were also significant as related to Vd. It is well established in adults that sepsis can cause enhanced blood flow to the kidneys and increase glomerular filtration, resulting in a state referred to as "augmented renal clearance," and there is emerging pediatric data suggesting similar findings. 17, 35, 36 This state of enhanced CL results in subtherapeutic concentrations of β-lactams and lower than anticipated fT > MIC. 9, 17, 37 Further, although our clearance estimates appear to be larger than those with the previous populations, our data support the finding of augmented renal CL in this population, as demonstrated by CLs >7 mL/min/kg. Our Monte Carlo simulation analysis was conducted to determine whether appropriate PD exposures can be achieved with current published meropenem dosage regimens. [27] [28] [29] Our Monte Carlo analysis demonstrates that currently recommended doses of meropenem can be insufficient, particularly against Gram-negative bacteria with MICs in the susceptible range. This analysis suggests that the highest US Food and Drug Administration-approved meropenem dosage regimen of 40 mg/kg per dose every 8 hours given as a 0.5-hour infusion does not provide for an appropriate PD exposure at any susceptible MIC, let alone provide an optimal bactericidal PTA up to the meropenem break point of 4 mg/L for Pseudomonas aeruginosa. Our Monte Carlo simulation for a meropenem dosage regimen of 40 mg/kg per dose every 6 hours as a 0.5-hour infusion also does not even result in an optimal PTA up to the current Center for Laboratory Standards Institute susceptibility break point. The only regimens capable of providing an appropriate PTA up to the break point were the prolonged and continuous infusion regimens.
An understanding of PK changes in critically ill children and their impact on antimicrobial PD is crucial because suboptimal antimicrobial therapy is associated with worse outcomes, including longer durations of mechanical ventilation, ICU lengths of stay, and hospital lengths of stay, and increased mortality. 37, 38 Further, use of extracorporeal therapies, such as ECMO and CRRT, can also dramatically alter antimicrobial concentrations. 39, 40 Prolonged infusions of β-lactams have been found to increase the probability of attaining bactericidal activity by prolonging the time to reach maximum concentrations, thereby increasing fT > MIC. [41] [42] [43] In clinical practice, prolonged infusions have also been associated with improved outcomes and demonstrated decreased mortality rates in critically ill patients. [5] [6] [7] 41, 42 Too commonly, typical antimicrobial dosage regimens are used for critically ill, neonatal, and pediatric patients, as well as patients with complications. Considering that the infecting pathogen and MIC are not known when empiric therapy is initiated, empiric dosage regimens should be designed to provide for appropriate expo- sures in case the infecting pathogen is a multidrugresistant organism. Considering the ICU setting, in addition to any potential extracorporeal therapies that may be used, the ability to achieve the PD target % fT > MIC can be reduced, demonstrating the "one dose fits all" theory is not appropriate and standard meropenem dosage regimens may not be appropriate.
Although the optimal PD target has not been identified in PICU patients, it has been suggested that the % fT > MIC should be maximized (i.e., 100%) in critically ill patients because in the absence of neutrophils, there is no post-antibiotic effect. 25 A study by Ariano and colleagues 26 in adult patients with fever and neutropenia identified 80% fT > MIC as the PD target predictive of efficacy for meropenem. Monte Carlo simulations demonstrate that the only regimens capable of providing 80% fT > MIC up to the Center for Laboratory Standards Institute break point are the 120 and 160 mg/kg/day continuous infusion regimens.
When new dosage regimens are suggested, an attempt to evaluate the safety of the regimen should also be conducted. For drugs that are renally eliminated, dosage regimens are usually created and subsequently modified based on the individual patients' renal function. With the increasing prevalence of drug-resistant organisms, higher than "standard" β-lactam doses have been used for less susceptible organisms. In an ICU setting in the presence of sepsis and shock, alterations in renal blood flow can affect a drug's PK. 11 A reduction in glomerular filtration can cause drug accumulation and, potentially, adverse events. In general, β-lactam antimicrobials are generally well tolerated. 44 In an adult ICU population, Beumier et al 45 found a correlation between elevated β-lactam trough concentrations and neurologic deterioration in patients receiving meropenem and piperacillin, but not in patients receiving cefepime. Not surprisingly, the patients with diminished renal function were most likely to have elevated β-lactam trough concentrations. Monitoring of renal function is essential in any ICU population, and dosage adjustments should be made based on renal function and drug concentrations, when available. Using a simplified PK equation, dose = concentration * Vd * CL, it is evident that if the Vd and CL increase as a result of sepsis and augmented renal clearance, to achieve the desired concentration, the dose would need to be increased and/or the dosage interval shortened. As a result, the "higher" dosage recommendations are sometimes needed to achieve "standard" serum concentrations. Furthermore, we are not advocating for concentrations above those listed in the package insert which have been associated with US Food and Drug Administration approval and presumably successful outcomes; there- Cies, JJ et al Meropenem Population Pharmacokinetics in PICU fore, we would not expect a higher incidence of adverse events with the dosage regimens suggested in our analysis.
There are several limitations to this investigation. First, the study was conducted at a single center and included a mix of underlying disease states, so it is not possible to determine whether PK differ among different pediatric ICUs. Although by no means large, a sample size of 9 is still similar to other PK studies of meropenem and other anti-infectives in this age group. Second, patients with diminished renal function, which is seen with severe sepsis and septic shock, were not included in this analysis, so these results are not generalizable to that population. Third, 6 of the 9 patients included in this PK analysis were younger than 2 years, and this age group is known to renally eliminate drugs more rapidly than other pediatric age groups and typically has larger volumes of distribution for carbapenems. As such, the Monte Carlo simulation analysis may not be generalizable to other pediatric-age populations. Finally, we employed an opportunistic sampling strategy to inflict minimal pain on the child contributing blood samples. Although this was convenient for the child, sampling times as well as the sparse number of samples collected for each child may not have been ideal to fully characterize the distribution phase of meropenem in each individual child. We believe, however, that the use of the population PK approach and estimation of individual parameter estimates using the Bayesian priors is capable of providing a reasonable population PK estimate.
Conclusions
These data suggest the reference dosage regimens for meropenem (20-40 mg/kg per dose every 8 hours) do not meet an appropriate PD target attainment in critically ill children ages 1 to 9 years. Based on these data, only the 3-to 4-hour prolonged infusion and 24-hour continuous infusion regimens were able to achieve an optimal PTA against all susceptible Gramnegative bacteria in critically ill children for 40% fT > MIC. Dosage regimens of 120 and 160 mg/ kg/day as continuous infusion regimens may be necessary to achieve an optimal PTA against all susceptible Gram-negative bacteria in critically ill children for 80% fT > MIC. Based on these findings, confirmation with a larger, prospective investigation in critically ill children is warranted.
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